This work demonstrates a broadband polarization filter based on copper-filled photonic crystal fiber (CFPCF). The proposed fiber is fabricated using the conventional stack-and-draw method. The polarization filter properties of the proposed CFPCF are investigated numerically by considering the cross-sectional scanning electron microscopy image of the fabricated CFPCF. It is observed that the magnitude of cross talk reached up to −206 dB over 0.8 mm length with a broad bandwidth of 282 nm at a central wavelength of 1790 nm. In addition, the polarization characteristics of the CFPCF including cross talk, central wavelength, and bandwidth can be adjusted by varying the diameter of the copper wire. It is shown that the resonance wavelength of the proposed filter can be tuned over the wide range of wavelengths from 1390 to 1890 nm. We have shown that by adjusting the copper wire diameter to 0.32Λ and 0.48Λ μm (Λ is pitch size), the proposed filter can operate at communication bands of 1310 and 1550 nm, respectively. The results suggest high-potential of the proposed fiber for polarization filtering and other sensing applications.
INTRODUCTION
The fabrication of miniaturized and integrated in-fiber devices of an optical system has driven a lot of research interest [1] [2] [3] [4] [5] . Since the birth of photonic crystal fibers (PCFs) in 1995, PCF has been extensively practiced in many fields, such as biosensors [6] , passive optical devices [7, 8] , and medicine [3] , owing to its structural flexibility [9] [10] [11] [12] . Recently, the incorporation of different materials, such as liquid crystals [13] , polymer [14] , and semiconductors [10] , into the selective hollow channel in a PCF has been demonstrated to modify its optical interaction. Consequently, a strong polarized-wavelength-dependent transmission (PWDT) has been discovered by incorporating selectively a metal wire into the airhole channel of the PCFs [15] . The PWDT property is caused by the surface plasmon polariton (SPP), which is excited at the metal-dielectric interface due to the stimulation of light. Consequently, this phenomenon has already been studied in many potential applications including polarizers [16] [17] [18] [19] [20] , sensors [4, 6, 21] , and in-fiber devices [2, 5, 22] .
At the resonance wavelength, the fiber core-guided mode in a PCF will eventually couple to the evanescent field of the SPP mode when their phases match. To date, several attempts have been made to fabricate a metal incorporated PCF, by coating or filling selectively the air hole with metal for the excitation of SPP. In 1993, Jorgenson et al. demonstrated a technique to coat the core of a multimode fiber with a metal layer [23] . The fabrication process began by removing the cladding of the optical fiber to expose the core and a thin film of metal layer was deposited onto the core. On the other hand, in 2007, Zhang et al. reported a selective silver (Ag) coating into the hollow channel of PCFs [24] . Unlike previous methods, Tyagi et al. reported in 2010 a fabrication technique for gold (Au) nanowires which were placed next to the core of a stepindex fiber [25] . They used Au in a glass capillary and drew the structure into smaller dimensions up to 260 nm by applying direct drawing. The authors also developed a method to incorporate the Au wire in a PCF by vacuuming the molten Au at a very high pressure into the hollow channels [26] . The authors observed the PWDT characteristic from the SPP resonance of the Au nanowire and the fiber core. There are a number of numerical studies on the polarization characteristics of metal-filled PCF that have been reported recently [8, [15] [16] [17] [18] [19] [20] [21] 24, [27] [28] [29] . On the other hand, Xue et al. in 2013 reported a polarization filter of Au-coated PCF and claimed that the resonance loss at 1311 nm wavelength was 508 dB/cm in y-polarization. However, the full width half-maximum (FWHM) achieved was 20 nm [16] . In 2015, Heikal et al. observed the resonance loss of the polarization filter with x-polarization as 774.04 dB/cm at 1013 nm wavelength for an Au-filled spiral structure of PCF. Also, they quoted that the coupling of the SPP mode to the core-guided mode is tunable by adding more metal rod into the hollow channel [19] . The most recent literature presented a PCF of symmetrical structure with the presence of small air holes near the fiber core region [29] . The paper reported that y-polarized direction could filter the wavelength from 1200 to 1700 nm with a resonance loss of 214.23 dB/cm at the wavelength of 1310 nm. To the best of our knowledge, there are no reports demonstrating practical fabrication of a polarization filter based on PCFs.
Apart from noble metals (Au and Ag), copper (Cu) also possesses good optical properties. The permittivity and refractive index value for Au and Cu are almost identical compared to Ag from the wavelength range of 200 to 1900 nm [30, 31] . Moreover, despite widespread availability, Cu is relatively cheaper compared to Au and Ag. For the proposed polarization filter fabrication process, which follows the stack-and-draw method (top-down approach) and requires larger size of raw material, Cu is the most suitable metal to generate mass production and it is obtainable at a very low cost compared to Au and Ag. Experimentally, Cu is compatible with glass and there is no reaction between both materials during the fabrication process and have been reported in [15] . This paper presents numerical and experimental analyses of a copper-filled photonic crystal fiber (CFPCF) proposed as a polarization filter. The filtering characteristics of the proposed PCF, including the resonance loss, cross talk, insertion loss, and optical bandwidth, are studied extensively. By adjusting the diameter of the metal, the loss peak of x-and y-polarized modes can be tuned, and hence the filtering range can be changed from 1390 to 1890 nm. The findings in this paper will contribute significantly to the field of passive optical and fiber-based plasmonic devices. Figure 1 exhibits the conceptual model of the structural design of the proposed CFPCF-based polarization filter. The center of the CFPCF is a silica rod as the fiber's core with the diameter of d core 8 μm. In order to reduce the leaky modes and propagation loss, the proposed CFPCF consists of six rings of air holes with air-channels diameter of d a 4.71 μm. The airchannels diameter was calculated proportionally with the ratio of the outer diameter (OD) and inner diameter of the available silica tube. The distance between the adjacent air holes known as the pitch is determined as Λ 6.73 μm. Cu has been used in the proposed CFPCF because of its cost-effectiveness and its plasmonic behavior is as close to gold. The diameter of the copper wire d c was varied to study the impact of d c on the polarization properties of the CFPCF.
STRUCTURAL DESIGN AND FABRICATION OF CFPCF
The CFPCF-based polarization filter was fabricated by using the stack-and-draw method as described previously in [32] . As graphically illustrated in Fig. 2 , the CFPCF was developed by preparing a silica rod of 1.34 mm as the fiber core, 126 capillaries with an OD of 1.34, and a 1.0 mm diameter copper rod placed inside one of the capillaries. One head of all capillaries was sealed except that which contains the copper rod. The stacking process was performed in a hexagonal jig and then transferred into a perform tube. The perform was then drawn into cane size (∼2 mm in OD) while a vacuum pressure was applied from the top of the perform to collapse the interstitial holes as well as fitting the copper wire inside the capillary. Later, a CFPCF cane was re-drawn into the desired fiber size (125 μm in OD). Figure 3 shows the scanning electron microscopy (SEM) image of the fabricated CFPCF. The SEM image of the fabricated CFPCF was used for all simulation studies reported in this paper. The simulation study was carried out by using COMSOL Multiphysics 5.3 software, which is based on the finite element method (FEM). This was performed by extracting and importing the SEM image of the fabricated CFPCF into COMSOL geometry interface. Convergence tests were executed by optimizing the mesh size and perfectly matched layer (PML) thickness, which led to more accurate results. We used the built-in circular PML with 10 μm thickness, which is added in the outer region of structure [33] . The meshing is divided into three regions, which are the PML layer, cladding region, and core region (including the first two air-hole rings), as shown in Fig. 3(c) . The core region is the densest area compared to the PML and the cladding region, which leads to more accurate computational analysis. The maximum mesh element size of the core is 0.2 μm while the cladding and PML regions' mesh sizes are 0.8 μm and 1.6 μm, respectively. The full structure is meshed with 1,221,576 number of smallest elements.
A. Theoretical Analysis for Polarization Characteristics of CFPCF
The theoretical analysis of the dispersion relation of CFPCF is subjected to the material properties of silica and copper microwire. Consequently, this analysis was supported by using Eqs. (1) and (2). For silica, the dispersion relation was calculated by using the Sellmeier equation as represented in Eq. (1) [34] :
where n is the refractive index of silica, and λ is the wavelength. The Sellmeier coefficients are as follows: (2) was used to analyze the dispersion relation for copper in terms of their dielectric constant. The dielectric constant of copper has been modeled using a Drude plus two critical points (D2CP) [35] [36] [37] :
where λ p is the plasma wavelength, γ p is the damping with the function of wavelengths, λ j is the interband transition wavelength, γ j is the transition broadenings with the function of wavelengths, and A j is the dimensionless critical point amplitudes. The corresponding coefficient values of the D2CP equation for permittivity (ϵ) of the copper were set according to the experimental data from Johnson and Christy, as shown in Table 1 [31, 35] . The polarization characteristics of the CFPCF was investigated by analyzing the modal analysis of the CFPCF. The effective refractive index of the CFPCF was calculated from the modal analysis. The confinement loss (C L ) of the structure can be determined by considering the imaginary part of the effective refractive index (Imn eff ) and is defined by Eq. (3) [38] :
where k 0 2π∕λ is the wave propagation number in the free space and the wavelength λ is in micrometers. The core-guided mode will eventually match with that of the SPP mode, which can result in resonance loss peak at a particular wavelength, known as the resonance wavelength. 
EXPERIMENTAL SETUP
The experimental setup to measure the transmission spectrum of the CFPCF was exhibited in Fig. 4 . A supercontinuum source (SuperK, NKT Photonics) was used as the input light source. Efficient light coupling was ensured by using a 20× objective lens. Controlled polarization of input light was achieved by employing a linear polarizer followed by a polarizationmaintaining fiber. The output light from the CFPCF was split into two directions by using a polarization beam splitter. A perpendicularly directed light beam reached the charge-coupled device (CCD) (MicronViewer 7290A, Electrophysics) camera via a 40× objective lens and neutral-density (ND) filter while a parallel beam was directed to an optical spectrum analyzer (OSA). The ND filter before the CCD was used to control the intensity of light. We ensured an upward orientation of the CFPCF during all measurements by checking its mode image on the CCD camera and the transmission spectrum was recorded by using the OSA.
RESULTS AND DISCUSSION
The SEM image of the CFPCF and the mode image was taken from the CCD camera as depicted in Figs. 5(a) and 5(b). We ensured the correct orientation of the CFPCF throughout the measurement of the transmission spectrum. The dispersion relation and the modal analysis for different orders of SPP modes and the core-guided mode of the CFPCF in x-polarization (horizontally polarized) and y-polarization (vertically polarized) are depicted in Fig. 6 . The effective refractive index of the second-order SPP mode is much higher than the effective refractive index of the core-guided mode. As a result, the second-order SPP mode would match to the coreguided mode at a wavelength larger than 2 μm. As shown in Fig. 6(a) , the phase-matching phenomenon occurred when the effective refractive index of the third-order SPP mode crossed the effective refractive index of the x-and y-polarizations core-guided mode at the wavelengths of 1790 and 1890 nm, respectively. During this phase-matching phenomenon, the resonance loss of x-and y-polarizations reached a maximum with 37.0 dB/cm at 1790 and 19.7 dB/cm at 1890 nm, respectively, as illustrated in Fig. 6(b) . The electric field distributions of the respective guiding modes of x-and y-polarizations at the phasematching phenomenon were portrayed in Figs. 6(c) and 6(d). In addition, transverse electric field vector distribution of the x-polarization coupling of the core-guided and SPP modes shows that the lobe fields of the SPP mode are strongly attracted to core-guided lobe fields, as shown Fig. 7(a) . In contrast, Fig. 7(b) exhibits the loss in the lobe fields of SPP modes toward y-polarization core-guided lobe fields. This is because of the metal position dependency where the position of the copper wire was horizontally placed next to the CFPCF's core. These indicate higher resonance loss for the x-polarized mode than y-polarized. The same observation was also reported elsewhere [29, 35] . Figure 8 highlights the transmission spectra of x-and y-polarizations measured via a broadband source by using the OSA. Both measured transmission spectra (continuous line in blue color) have a resonance dip which corresponds to the phase-matching condition between the core-guided mode and the third SPP mode at the respective wavelengths of 1805 and 1910 nm. On the other hand, the transmission spectra of FEM simulation of x-and y-polarizations were observed at 1790 and 1890 nm, respectively. It is found that both measurements of resonance dips are shifted from their FEM simulations by 15 and 20 nm to a longer wavelength. This can be explained due to the thermal shrinkage of the metal during the fabrication, which led to form air gaps between the copper and the glass [39] .
Cross talk is one of the key elements used to control and limit the undesirable polarized modes during the fabrication of a polarization filter. Cross talk also characterizes the quality of transmission by defining its ability to eliminate the undesirable polarized mode [17] . The cross talk is developed by Beer-Lambert laws [29] in which it can be simplified as a function of the fiber length as given in Eq. (4):
where L, C Lx , and C Ly are the length of the fiber and loss of x-and y-polarization modes, respectively. We have used the electromagnetic wave frequency domain for modal analysis based on the FEM to calculate cross talk which involves the imaginary part of the effective refractive index. Furthermore, the available optical bandwidth of the CFPCF can be measured as the wavelength encompasses within the cross-talk line below −30 dB [29] . Figure 9 presents the calculated cross talk of the CFPCF in different lengths as a function of wavelength. The cross-talk dip appears at the resonance wavelength of 1790 nm. As the fiber length increases, the degree of the cross talk increases too. The magnitude of cross talk for the shortest fiber length of 0.4 mm achieved is −103 dB, while the magnitude of cross talk reaches up to −206 dB for a 0.8 mm long CFPCF at the wavelength of 1790 nm. It is crucial for the cross talk to be sufficiently high as a polarization filter to eliminate the unwanted polarized mode and also retains a large optical bandwidth. The bandwidth of the 0.8 mm CFPCF is the widest, which is 282 nm (1580-1862 nm). Besides the confinement loss and the cross-talk value, the insertion loss (IL) is one of the key performances for the polarization filter. The IL can be calculated by considering the loss value of the wanted polarization mode. The IL of a filter can be calculated using Eq. (5) [40] :
The ILs for both x-and y-polarizations by varying the fiber length are depicted in Fig. 10 . As shown in Fig. 10(a) , the IL for x-polarization has the highest peak at the resonance wavelength of 1790 nm with 0.8 mm fiber length, which gives 0.293 dB. Furthermore, at the y-polarized resonance wavelength (1890 nm), the IL of 0.156 dB is achieved with the 0.8 mm fiber length. It is noticeable that the IL for both x-and y-polarized modes is relatively low around 0.10 dB from the 1550 to 1700 nm wavelength. In general, the IL is increased when the length increased. These characteristics mentioned above would make the fabricated CFPCFs as the potential candidate for a polarization filter device.
A. Impact of Copper Wire Diameter on Characteristics of Polarization Filter
The characteristics of the polarization filter, such as the magnitude of the resonance loss, cross talk, and the optical Table 2 .
CONCLUSION
In this study, we have designed and fabricated a simple structure of a polarization filter based on CFPCF. The CFPCF is fabricated by following the conventional stack-and-draw method. The resonance loss of the fabricated fiber is measured for x-and y-polarizations, which are 37.0 and 19.7 dB/cm, respectively. The measured transmission spectrum shows a good agreement with the simulated transmission of x-and y-polarizations with slight redshift in wavelength. Other characteristics of the CFPCF as polarization filter are numerically analyzed by using the SEM image of the fabricated fiber. The results show that the cross talk between x-and y-polarizations can be reduced by increasing the fiber length and/or the copper wire diameters. In the former approach, the central wavelength of the filter remains unchanged by increasing the fiber length, while in the latter method, the central wavelength shifts toward longer wavelengths as the copper diameter increases. For resonance loss and filter bandwidth, both of them are relatively increased by increasing the fiber length and/or copper diameter. It is shown that for a fixed length of 0.8 mm, by varying the diameter of the copper wire from 0.4Λ to 0.7Λ μm, the resonance wavelength can be tuned from 1390 to 1890 nm with a cross talk of −40 to −206 dB and bandwidth of 89 to 282 nm, respectively. Under the same circumstances, the insertion loss is relatively low for both polarizations. For x-polarization, the IL is ranging from 0.071 to 0.293 dB, whereas for y-polarization, the IL is ranging from 0.042 to 0.156 dB. Also, the CFPCF polarization filter can work in the communication bands of 282 and 0.48Λ μm, respectively. The results suggest that the proposed CFPCF would be a suitable candidate for designing polarization filters. Furthermore, our CFPCF fabrication technique may open a new way to selectively fill the metallic wires inside microstructured fibers, which paves a broad range of applications.
